SEIDLER AND STARR
tions suggests that such strains arise by mutation. The formation of plaques when a large population of H-I cells is plated on a susceptible host (17, 18) suggests the possible occurrence of back-mutations for host dependence. However, in the absence of direct evidence that these events are indeed mutational, we prefer to use the noncommital terminology "H-I derivative" or "H-I strain" rather than "H-I mutant. " We describe here a reliable technique for the isolation of H-I derivatives from H-D cultures of bdellovibrios, together with the morphological, cultural, and biochemical characteristics of these H-I strains. Elsewhere (8) (17) .
Dilute nutrient broth (NB/10) was prepared from 1 volume of NB plus 9 volumes of distilled water. After autoclaving, the following salts (7) were added from a filter-sterilized stock solution: MgC12-6H20 (0.003 M Mg++, final concentration) and CaCl2-2H20 (0.002 M Ca++); pH was adjusted to 7.2 with 0.1 N NaOH. This medium was used for the propagation of the H-D Bdellovibrio strains in cultures of their hosts.
Peptone-yeast extract (PYE) broth consisted of 10 g of Bacto peptone and 3 g of Difco yeast extract, added to 1 liter of distilled water [HP medium of Stolp and Petzold (17) ]. Plates were prepared by the addition of Difco agar (usually 15 g/liter) or Oxoid lonagar No. 2 (8.5 g/liter; "PYE-ion" agar). PYE broth was used for growing H-I cultures of Bdellovibrio. A diluted PYE broth, PYE/5, was made by mixing 1 volume of PYE broth with 4 volumes of distilled water.
YDC agar contained: Difco yeast extract, 10 g; glucose, 20 g; finely divided calcium carbonate, 20 g; Difco agar, 15 g; and distilled water, 1 liter.
Enumeration of plaques. Plaque counts on host lawns on double-layer NB/10 plates were used to enumerate the H-D cells. For the bottom layer, 1% Difco agar was used, and the top layer (2.5 ml) contained 0.8% Difco agar and 0.5 ml of an overnight NB culture of host bacteria. For further details, see Seidler and Starr (7) .
Maintenance of stock cultures. Stock cultures of the various H-D Bdellovibrio strains were maintained in NB/10 cultures of the host bacteria at 4 C. Nearly all cultures remained viable for up to 4 to 6 months in this condition. H-D A3.12 lost its viability within several weeks at 4 C; it was stored at room temperature in an NB/10 lysate and transferred every 3 to 5 weeks. All H-I cultures were maintained at room temperature on PYE agar plates, and transferred at approximately 4-week intervals. Cultures of the host bacteria were maintained on YDC agar slants, which were stored at 4 C and transferred every 5 to 6 months. All Bdellovibrio cultures have been lyophilized (13) and are stored in the International Collection of Phytopathogenic Bacteria maintained in this Department.
Electron microscopy. To obtain actively growing cultures of H-I bdellovibrios for morphological studies, H-I cells were inoculated into 25 ml of PYE broth from PYE-ion agar plates, and were incubated at 28 C; after 2 to 3 days, an actively growing turbid culture had developed. A 15 to 20% (v/v) inoculum was transferred to fresh broth and incubated overnight. The cells were fixed in 2% Formalin (final concentration) for 30 min, washed twice, and allowed to resuspend slowly in 2% Formalin. Most preparations were stained with 0.5% uranyl acetate; some were stained with 0.5% phosphotungstic acid (pH 7.2). Specimens were examined in an RCA-EMU electron microscope.
Cytochrome difference spectra. Cultures were grown for 2 to 3 days in PYE broth, shaken at 28 to 30 C. The cells were washed twice and resuspended in cold 0.03 M phosphate buffer (pH 7.2) at a density of 3,100 to 3,600 Klett units (filter 42). Cytochrome difference spectra of several H-I bdellovibrios and of four strains of Vibrio spp. were determined by the technique of Stanier, Palleroni, and Doudoroff (15) . The difference spectra of one H-D culture (H-D 110) was determined and compared with that of its H-I derivative; this parasite was propagated on Erwinia amylovora (ICPB EAl1). Absorption peaks were determined for Pseudomonas maltophilia (ICPB 2648-67) as a reference culture, and the values were compared with those of a previous determination (15) . Protocol for the isolation of H-I bdellovibrios. In addition to trying the previously described procedures (10, 17), we used an original method for the isolation of H-I strains, which involves three phases. Phase I was the selection of streptomycin-resistent reached about 109 plaque-forming units (PFU)/ml, 5 to 10 ml of the lysate was transferred to the selection media, which contained 500 ,ug of streptomycin/ml (phase III). The selection media employed were NB/ 10 (which contained approximately 109 autoclaved Escherichia coli B cells per ml) and PYE broth. The cultures were incubated for 3 to 6 days at 28 C, during which time growth of the H-I cultures became apparent. Cultures were transferned at least twice through PYE broth, with the use of large inocula (about 15 to 25%, v/v). The H-I isolates were then transferred to PYE agar plates.
Diagnostic tests. Bacteriological diagnostic tests were performed in the manner recommended in the Manual of Microbiological Methods (13) . For carbon-utilization experiments, cultures were grown to the stationary phase in PYE broth (1.5 to 2 days, 28 C). A 10% (v/v) inoculum was transferred into a complex, growth-limiting medium consisting of 0.2% Difco yeast extract, 0.2% Bacto peptone, and 0.2% of the carbon source being tested. The amount of growth in the control broth (without added carbon source) was compared with the growth in the experimental flasks and in a medium containing an additional 0.2% Bacto peptone, by means of a Klett colorimeter (filter 42), after 2 days of incubation at 28 C.
The test for gelatin liquefaction was carried out in 12% Difco gelatin made up in PYE broth. Nitrate reduction was tested in static tube cultures of PYE broth (4 ml) supplemented with 0.1% KNO3. Samples of the cultures were tested for nitrite and ammonia production after 3, 5, and 7 days of incubation. For indole production, cultures were grown in 0.3% Difco yeast extract plus 1.0% Difco Proteose Peptone No. 3, instead of PYE broth, because of the higher tryptophan content in the former medium (Difco Manual, 9th ed.); all H-I cultures grew well in this medium.
Antibiotic and antimetabolite susceptibility was determined with Bacto-sensitivity disks, medium concentration (Difco Laboratories). Tests for susceptibility to the vibriostatic pteridine 0/129 (9) were accomplished by streaking duplicate plates of PYE agar with the culture under investigation and sprinkling one plate with crystals of the vibriostatic material. Inhibition of growth by the antibiotics and antimetabolites was scored after 5 to 6 days of incubation at 30 C on PYE agar.
The oxidase test was performed in the manner described by Stanier, Palleroni, and Doudoroff (15) , with the use of a 1% (w/v) aqueous solution of N, N'-dimethyl-p-phenylenediamine.
Assay of exocellular protease. (18, 19) .
Further trials employed the differential filtratration procedure of Shilo and Bruff (10 (17); we do not know whether this is due to strain differences or perhaps to an insufficient detection of H-I 321 colonies on plates contaminated with host cell colonies.
Diagnostic tests. A number of bacteriological diagnostic tests were made with 16 H-I cultures; E. coli B was used as a control for each test. All ofthese H-I Bdellovibrio strains were oxidase-positive, liquefied gelatin, produced ammonia from PYE broth, and could grow on an autoclaved E. coli cell suspension in PYE/5 broth. None of the cultures produced indole nor reduced nitrate; growth did not occur at 12 and 42 C. Most H-I cultures (12 of 16) were catalase-positive upon primary isolation. However, after transfer on host-free media for 7 months, subsequent tests for catalase were negative in five strains (H-I 101, H-I 110, H-I 114, H-I 118, and H-I 120). Four strains were catalase-negative upon primary isolation (H-I 100, H-I 109, H-I A3.12, and H-I OX9-2). Cultures H-I OX9-3, H-I 2484 Se-2, H-I 2484 Se-3, H-I B, H-I D, H-I E, and H-I Xty had been transferred for 3 to 4 months on hostfree media and, at that time, remained catalasepositive.
Antibiotic susceptibility tests. A relatively uniform response to 20 antibiotics and antimetabolites was observed among the 11 H-I Bdellovibrio strains subjected to these trials. The bdellovibrios were generally susceptible to Altafur, kanamycin (three strains resistant), methenamine mandelate (one strain resistant), neomycin, novobiocin, polymyxin B (two strains resistant), oxytetracycline, and vibriostat 0/129 (one strain resistant); they were not discernibly susceptible to colistin (one strain susceptible), sulfisomadine sulfisoxazole (one strain susceptible), isoniazid, sulfadimethoxine mystatin, oleandomycin (one strain susceptible), penicillin (three strains susceptible), sulfadiazine, sulfamethoxy-pyradazine, triple sulfa, and vancomycin. It is noteworthy (Table 4) that the unusual strain H-I A3.12 was uniquely susceptible to colistin, sulfisoxazole, and oleandomycin, and was the only Bdellovibrio strain not susceptible to the vibriostatic pteridine 0/129. In seven cases, at least two of the Vibrio cultures showed reactions different from those of the bdellovibrios.
Carbon utflization by H-I bdellovibrios. Nine strains of H-I bdellovibrios were tested for the utilization of 14 (Fig. 2, 4 , and 6).
In agreement with previous reports (17, 18) , essentially all H-I cells became nonmotile when grown repeatedly on nutrient medium unsupplemented with living host cells. From Fig. 7 , it can be seen that most H-I A3.12 cells were not flagellated at the time these observations were made, amplitude and wavelength (Fig. 3-7) . However, the flagella of the bizzare-shaped cells of H-I Bdellovibrio 110 (Fig. 5) at times observed more than one flagellum on some bdellovibrio cells. Figure 7 illustrates the effects of cultural conditions and staining with phosphotungstic acid on the cellular morphology of H-I A3.12. The actively growing cells in the young culture (upper micrographs in Fig. 7 ) consist of rather uniform plump vibrios, measuring about 0.4 to 0.5 ,um in thickness and about 1 to 1.5 ,um in length. The two lower micrographs of Fig. 7 are of cells from a 2-day PYE broth culture into which the cells had been inoculated from a PYE agar plate. Unlike the young (overnight) culture from which the cells shown at the top of formation is shown for a 48-hr culture of H-I 109 (lower micrographs, Fig. 3 ). The upper micrographs of Fig. 3 These observations provide additional evidence that these H-I isolates are indeed descendants of H-D Bdellovibrio and are not contaminants. Inoculation of these isolates with living host cells indicated that there was a reselection for cultures possessing predatory and bacteriolytic abilities seemingly identical to those of the H-D cultures. This comparative study indicates, however, that there is a significant difference between the degree of virulence of H-I A3.12 and that of the other H-I Bdellovibrio strains. Although all cultures were able to revert and attack living host cells, as well as to digest autoclaved cells, H-I A3.12 was always the most virulent strain. In addition, H-I A3.12 was the only Bdellovibrio culture to form isolated plaques at a 10-3 dilution on lawns on NB/10 plates. These observations point to the generally unusual behavior of H-I A3.12 compared to other H-I derivatives (Table 4) . The H-I isolates other than A3.12 were able to effect complete lysis of host lawns only when plated directly onto NB/10 plates. The absence of plaques at 10-1 and 10-3 dilutions of the other H-I strains is possibly due to the dilution of certain factors present in the PYE broth cultures. One such factor playing a role in plaque formation may be the exocellular protease formed in small amounts by most H-I cultures, but produced in much larger amounts by H-I A3.12.
Because it has been possible to reselect clones with predatory and bacteriolytic properties from H-I cultures of Bdellovibrio, an attempt was made to select such clones from other bacteria of known systematic position. In this manner, it might be possible to identify free-living relatives of H-D Bdellovibrio which are masquerading under other names. Four Vibrio spp. and three isolates of S. gracile (2) were examined for bacteriolytic activity. The experimental protocol was identical to that employed for the H-I Bdellovibrio cultures, as described in the previous section. All attempts to detect bacteriolytic and predatory activity in broth preparations of these mixtures by turbidimetric measurements and by microscopic observations were unsuccessful. Thus, on the basis of these tests, neither the Vibrio spp. nor the S. gracile strains would appear to be so closely related to Bdellovibrio that H-D variants are detectable.
DISCUSSION
Of the publications concerning B. bacteriovorus, not many (8, 10, 17, 18; R. J. Seidler and M. P. Starr, Bacteriol. Proc., p. 23, 1968) have placed emphasis on an examination of H-I Bdellovibrio cultures. This deficiency is not due to a lack of interest in this aspect of Bdellovibrio research, but might be attributed to the difficulty encountered previously in isolating H-I strains.
The methods of Stolp and Petzold (17) (Table 1) . The number of H-I colonies appearing on plates is influenced by the composition of the medium and type of agar, though only casual attention was paid to this point in the present study.
The results of the bacteriological diagnostic tests reveal a high degree of uniformity among the H-I Bdellovibrio isolates. All cultures liquefy gelatin, produce ammonia from peptone (PYE broth), are oxidase-positive, and grow in the temperature range of 23 to 37 C (none of the H-I cultures grow at the two temperature extremes of 12 and 42 C); under the conditions tested, none of the cultures reduced nitrate nor produced indole. All cultures except H-I E produce a small amount of a yellow, water-insoluble pigment (18) on PYE agar. The amount of pigment produced appears to decrease with successive transfers on the host-free medium. After 7 months of growth on host-free media, five of these initially catalase-positive cultures no longer gave a positive reaction for catalase. With the exception of the lactic acid bacteria, Shigella dysenteriae, and a few other isolated cases, the absence of catalase is an unusual characteristic for aerobic bacteria (14) .
The majority of the Bdellovibrio cultures were susceptible to 9 of the 20 antibiotics and antimetabolites tested (including penicillin beyond 10,000 units/ml) and, except for one culture (H-I A3.12), were quite uniformly resistant or susceptible to a given antibiotic. The antibiotic susceptibility results show that there are four cases in which H-I A3.12 has a different reaction from most other H-I bdellovibrios. In addition, H-I A3.12 is the strain most susceptible to penicillin. These results probably indicate differences in several metabolically sensitive sites between H-I A3.12 and the other Bdellovibrio cultures examined (see Table 4 ). Shewan, Hodgkiss, and Liston (9) (11) mentioned that their Bdellovibrio strain (6-S-5) is an obligate parasite, although they reported that it has the necessary mechanisms for obtaining energy to permit host-independent existence. However, these investigators did not elaborate on the efforts they made to isolate H-I derivatives from strain 6-S-5. Our experience in the isolation and cultivation of numerous H-I strains gives us cause for reservation about the alleged obligatory nature of parasitism in bdellovibrios.
All tests for the fermentation of carbohydrates by H-I Bdellovibrio were negative. The absence of growth below the zone of oxygen diffusion in thioglycolate broth precludes an anaerobic dissimilation of amino acids or peptides. Other reports indicate that H-D Bdellovibrio strains also cannot grow in a completely anaerobic environment (1, 11, 18) .
The cytochrome difference spectra of 16 cultures of H-I bdellovibrios indicate the presence of a cytochrome c component. Fifteen cultures have absorption peaks at 596 to 600 mm corresponding to a cytochrome a, and at 421 to 423 nm for the soret region. H-I A3.12 differs from the remainder of the cultures with respect to these components, and shows peaks at 607 nm and 417 nm, respectively (Table 2, Fig. 1 ; see also Table 4 ). There is a similarity in the cytochrome difference spectra of three of four strains of Vibrio spp. examined and the 15 Bdellovibrio strains.
For some time, a search has been made for bacteria of known systematic position that might be free-living relatives of H-D bdellovibrios. Repeated attempts to select for bacteriolytic isolates from several Vibrio spp. and from three strains of S. gracile were unsuccessful. As of this time, the only known free-living relatives of H-D Bdellovibrio are the H-I bdellovibrios. 17) , ensheathed, polar flagellum (Fig.  3-7) . The flagella are comparable in size and structure to those previously reported by us for H-D Bdellovibrio 109 and H-D and H-I Bdeliovibrio A3.12 (6) and by others (3) in Vibrio.
All H-I cultures examined produced some exocellular protease (Table 3 ). H-I A3.12 had the highest proteolytic activity, even after being transferred on host-free media for over 1 year. With respect to proteolytic activity, the cultures tested form three groups: those producing a relatively small amount of protease activity when grown in the presence or absence of heat-killed bacteria (most cultures); two cultures (H-I 2484 Se-2 and H-I E) which produced more proteolytic activity in the presence of heat-killed host cells than in their absence; and H-I A3.12, which produced large amounts of protease, both in the presence and absence of heat-killed bacteria (Table 3, Fig. 8) .
As a result of the observations reported here and elsewhere (8); it is now possible to add to the definition of the genus Bdellovibrio further morphological, physiological, and biochemical characteristics. These bacteria are vibrio-to spiralshaped during host-independent and host-dependent growth; flagellated cells have a single, ensheathed, polar flagellum (H-I 321 may have more than one flagellum; 17). They do not utilize any carbohydrate as an energy source; they are nonfermentative; they do not grow anaerobically with nitrate; they do not produce indole; they are strongly proteolytic; they are oxidase-positive; they all have cytochromes a and c; they are sensitive to oxytetracycline and to the vibriostatic pteridine 0/129 (except that H-I A2.12 is not sensitive to 0/129). The molar percent guanineplus-cytosine (GC) content of the DNA is approximately 43 to 51% (most strains 50 to 51%); the DNA appears quite homogeneous both in optical melting behavior and in equilibrium distribution in an isopycnic gradient (8) .
On the basis of gross morphological similarities as well as certain physiological features, Bdellovibrio appears to be related to members of the genera Spirillum or Vibrio. Veron (20, 21) has discussed the taxonomic position of Vibrio and related bacteria and has given defining characteristics for the families Spirillaceae and Vibrionaceae. Because bdellovibrios are not fermentative, do not use carbohydrates as an energy source, and are oxidase-positive, it might appear that these bacteria are physiologically related to members of the family Spirillaceae as described 
